Breast cancer is not a single disease, but rather is composed of distinct subtypes associated with different clinical outcomes. Understanding this heterogeneity is key for the development of targeted cancer-preventative and -therapeutic interventions. Current models explaining inter-and intratumoral diversity are the cancer stem cell and the clonal evolution hypotheses. Although tumor initiation and progression are predominantly driven by acquired genetic alterations, recent data implicate a role for microenvironmental and epigenetic changes as well. Comprehensive unbiased studies of tumors and patient populations have significantly advanced our molecular understanding of breast cancer, but translating these findings into clinical practice remains a challenge.
group box 9), MAP3K1 (mitogen-activated kinase kinase kinase 1), LSP1 (lymphocyte-specific protein), CASP8 (caspase 8), and TGFB1 as being associated with breast cancer risk (7) (8) (9) (10) . Although with a few exceptions, the mechanisms by which these variants may influence breast tumorigenesis is largely unknown; their assessment could be used for the identification of individuals with higher risk of developing breast cancer. These women could potentially be candidates for cancer-preventative therapies and increased surveillance, since despite all improvements in the treatment of advanced-stage tumors, early diagnosis and prevention have the most dramatic effect on overall disease-specific outcome.
Targeted therapies for cancer provide the promise of high therapeutic efficacy with minimal side effects. Successful drug development requires the identification of tumor cell-specific molecular pathways amenable to drug development, the targeting of which leads to therapeutic response, as well as the choice of appropriate patient populations likely to realize clinical benefit from the therapeutic intervention. An elusive goal in oncology has been to improve the identification of such targets and patient populations prior to empirical clinical testing. One approach toward achieving this goal is the comprehensive sequencing of cancer genomes, which is now a real possibility following the availability of the human genome sequence and advances in sequencing technologies. Several such studies have recently been completed, some focusing only on kinases (11) (12) (13) , others sequencing all characterized genes (14) . Based on these results it is becoming apparent that the number of genes mutated in breast cancer is fairly high, and with a few exceptions such as components of the PI3KCA/AKT/PTEN, TP53, and NF-κB pathways, the frequency of mutations in any given gene in sporadic tumors is low. Thus the discovery of all mutated genes will require the sequencing of large sets of tumors of each breast cancer subtype (e.g., basal-like, luminal, etc.) in diverse ethnic populations. Furthermore, additional studies are necessary to address the functional relevance of the mutations detected and to differentiate random changes from casual mutations that provide growth or survival advantage for the tumor cells. The low frequency of mutations in a large set of genes seemingly presents a daunting task for the development of targeted therapies. However, the concentration of the mutated genes in a limited number of pathways (e.g., PI3KCA/AKT/PTEN and IKBKE/NF-κB) indicates that targeting pathways rather than individual genes may be a viable therapeutic approach.
Microenvironmental influences on breast cancer initiation and progression
The natural history of breast cancer involves progression through defined pathological and clinical stages, starting with ductal hyperproliferation, with subsequent evolution into in situ and invasive carcinomas, and finally into metastatic disease (15, 16) (Figure 2 ). DCIS is thought to be a precursor of invasive ductal carcinoma based on molecular, epidemiological, and pathological studies (16, 17) . While there has been a dramatic improvement in our ability to detect early-stage disease, our understanding of the factors involved in tumor progression and our ability to selectively interfere with tumor progression lag far behind.
The initiation of breast cancer is due to transforming (genetic and epigenetic) events in a single cell. Subsequent tumor progression is driven by the accumulation of additional genetic changes combined with clonal expansion and selection. Based on these assumptions several groups have performed comprehensive gene expression and genetic profiling studies comparing in situ, invasive, and metastatic breast carcinomas but have failed to identify tumor stage-specific gene signatures (18) (19) (20) (21) (22) . However, these studies have focused mainly on the tumor epithelial cells, while the potential involvement of other epithelial and myoepithelial cells and the stroma in tumor progression have not been explored in sufficient depth.
Epithelial-mesenchymal interactions are known to be important for the normal development of the mammary gland and for breast tumorigenesis (23) . In vivo and in vitro studies have demonstrated that cells composing the microenvironment (myoepithelial and endothelial cells, fibroblasts, myofibroblasts, leukocytes, and other cell types) and the ECM molecules modulate tissue specificity of the normal breast as well as the growth, survival, polarity, and invasive behavior of breast cancer cells (24, 25) . The observations that deletion of the type II TGF-β receptor in fibroblasts in mice (26, 27) and carcinogen treatment of mammary fat pad stroma in rats (28) promote tumor initiation and progression highlight the importance of stromal influences on tumorigenesis. Human epidemiological data linking chronic inflammation to increased and prolonged use of NSAIDs to decreased cancer risk (29) also implicate microenvironmental changes in tumorigenesis as inflammation is primarily a stromal reaction. Among all leukocytes, macrophages have been the most extensively analyzed in breast tumor progression. Using various model systems, macrophages have been shown to play a role in promoting angiogenesis, invasion, and metastatic spread (30, 31) . Most importantly, elimination of
Figure 1
Hypothetical models explaining breast tumor subtypes. Cell of origin (A) and tumor subtype-specific transforming event (B) models. Based on the cell of origin hypothesis, each tumor subtype is initiated in a different cell type (presumably stem or progenitor cell), whereas according to the model depicted in B, the cell of origin can be the same for different tumor subtypes and the tumor phenotype is primarily determined by acquired genetic and epigenetic events.
tumor-associated macrophages using a vaccine-based approach significantly decreased tumor growth and progression of breast and other carcinomas, demonstrating that targeting the tumor microenvironment may be a feasible therapeutic strategy (32, 33) .
To characterize the molecular changes that occur in the microenvironment and to explore their potential role in tumor progression, a recent study described the purification of all major cell types from normal human breast tissue, DCIS, and invasive carcinomas and the analysis of their comprehensive gene expression and genetic profiles using serial analysis of gene expression (SAGE) and SNP arrays, respectively (34) . Using these approaches, dramatic gene expression changes were found in all cell types during breast tumor progression, whereas clonally selected genetic alterations were limited to tumor epithelial cells. This latter result contradicts findings of several other labs describing frequent genetic alterations in breast tumor stroma (35) (36) (37) (38) (39) (40) (41) . The discrepancy is likely to be due to the use of different experimental approaches, and resolving it would be important for clarifying the involvement of stromal cells in tumorigenesis. A significant fraction of genes identified by Allinen and colleagues (34) as abnormally expressed in tumor epithelial and stromal cells encode secreted proteins and receptors, implicating a role for abnormal autocrine/paracrine signaling in breast tumor progression. Correlating with this, several of the chemokines (e.g. CXC motif chemokine ligand 12 [CXCL12] and CXCL14) overexpressed in tumor myoepithelial cells and myofibroblasts, respectively, enhance tumor cell proliferation, migration, and invasion and promote angiogenesis and metastatic spread (34, 42, 43) . Several other chemokines including CXCL1, IL-8, CCL5/RANTES, and MCP1 have also been implicated in breast tumorigenesis (44, 45) . Because chemokine receptors are G protein-coupled receptors that are fairly good drug targets, efforts are ongoing to test whether the inhibition of chemokine receptors could potentially be exploited for the treatment of breast and other cancer types (46) .
Some of the microenvironmental changes in tumors appear to be permanent, since normal and tumor-associated stromal cells maintain their differences even after their removal from the patients and following in vitro culture (24, 42, 47, 48) , raising the possibility of underlying heritable alterations such as epigenetic modifications (e.g., DNA methylation and chromatin changes). To explore this possibility Hu et al. analyzed the comprehensive DNA methylation profiles of epithelial and myoepithelial cells and fibroblasts isolated from normal and neoplastic breast tissue using a new methodmethylation-specific digital karyotyping (49) . Numerous genes differentially methylated between normal and cancer tissue were identified in each cell type, demonstrating that epigenetic alterations may be in part responsible for changes in the tumor microenvironment. Interestingly, transcription factors with known developmental function, including Homeobox genes, appeared to be preferentially affected by DNA methylation in each cell type, suggesting that differences in methylation between the normal and cancer-associated microenvironment may reflect abnormal differentiation of the cells in tumors. Similar to the changes observed in tumor epithelial cells, epigenetic changes observed in the stroma may also be different depending on the tumor subtype, suggesting co-evolution of tumor epithelial and stromal compartments. For example the DNA methylation status of progesterone receptor (PR), 17-β-hydroxysteroid dehydrogenase IV (HSD17B4), and cadherin 13 (CDH13) in epithelial and stromal cells is very distinct between HER2 + - and luminal A-type tumors (50) .
Key tumor progression steps: invasion and metastasis
Critical and poorly understood events in breast tumor progression that have dramatic effects on clinical management and outcome are the transition of DCIS to invasive carcinoma and the metastatic spread of primary tumors to distant organs. Thus far no genetic events have been identified that underlie these transitions. However, the diagnostic criterion that distinguishes invasive from in situ carcinomas is the disappearance of the myoepithelial cell layer as an organized entity (51) . Molecular studies revealed that myoepithelial cells associated with DCIS are not phenotypically normal; they have lost some of their differentiation markers and have upregulated genes promoting angiogenesis and invasion (34) . While the physiological relevance of these molecular changes is unknown, these data lead to the hypothesis that the in situ to invasive carcinoma progression may be regulated by myoepithelial cells (52) (53) (54) . Specifically, abnormal DCIS-associated myoepithelial cells together with various stromal cells may degrade the basement membrane, resulting in the progression of in situ carcinomas to invasive tumors. Correlating with this hypothesis, DCIS-associated myoepithelial cells have increased levels of ECM-degrading enzymes, such as several MMPs, compared with their normal counterparts (34) . An alternative explanation of the histopathologic observations is that the differentiation of mammary epithelial stem cells to myoepithelial cells may be progressively lost during tumorigenesis, resulting in the disappearance of the myoepithelial cell layer and progression to invasive cancer.
Similarly, microenvironmental factors may also play a key role in metastatic progression. Observations obtained in several experimental systems support this hypothesis. In mice and rats, lactation- and involution-induced changes in the ECM of the mammary fat pad promote breast cancer invasion and metastatic progression (55) (56) (57) . The mammary gland tissue architecture undergoes dramatic remodeling during pregnancy and subsequent involution, during which numerous genes associated with invasion and ECM degradation are significantly upregulated, potentially promoting the spread of cancer cells. Thus pregnancy- and lactation-associat- ed changes in the ECM may potentially explain the worse prognosis and increased frequency of distant metastases of breast tumors diagnosed during or shortly after pregnancy in women (58) .
In xenograft models of breast cancer, co-injection of various fibroblasts or mesenchymal stem cells with cancer cells promotes tumor growth (59) and metastasis (60) . This tumor-promoting effect of coinjected stromal cells can be explained by several potential mechanisms. For example, the fibroblasts can become activated by the tumor cells and may secrete angiogenic and invasion-promoting factors. In support of this hypothesis are the findings that irradiated, senescent, cancer-associated, or inflammatory fibroblasts promote tumor growth more effectively than normal fibroblasts (61) (62) (63) . Alternatively, fibroblasts can modify tumor epithelial cells, for example by possibly upregulating the expression of chemokines and thus creating a paracrine positive-feedback loop. Most likely, each of these possible interactions occurs in all models, but their relative importance and the specific genes involved could depend on the particular cancer and stromal cell type used for the experiments.
The importance of paracrine and autocrine factors in promoting metastasis is also supported by results obtained in a xenograft model of breast cancer progression. Massague and colleagues have been characterizing derivatives of the MDA-MB-231 breast cancer cell line that develop distant metastases at high frequency in particular organs such as bone, adrenal gland, or lung (64) (65) (66) . Many of the genes overexpressed in these highly metastatic variants encode for secreted or cell surface proteins. For example, the expression of IL-11, CXC chemokine receptor 4, and connective tissue growth (CTGF) is highly elevated in cells metastatic to the bone (64), whereas MDA-MB-231 derivatives that preferentially metastasize to the lungs have increased levels of CXCL1, MMP1, MM2, IL-13Ra2, VCAM1, and secreted protein acidic cysteine-rich (SPARC) (65) . Importantly, the expression of these genes was also increased in human primary invasive breast carcinomas that developed distant metastases to the same organs as predicted by the xenograft model (64) (65) (66) . In addition, in human breast tumors a "wound-response" gene expression signature characteristic of activated fibroblasts is predictive of the risk of distant metastasis and shorter survival (67) , further emphasizing the role of the microenvironment in tumor progression.
Further supporting evidence for the role of stromal cells in promoting metastatic progression comes from the finding that the genotype of the host influences the risk of metastasis (68) , although this may not be entirely independent of the influence of the host on the tumor phenotype itself. Specifically, African-American women, and even more noticeably, women in Africa, more frequently develop basal-like breast cancer than women of European decent, which is associated with higher risk of brain and visceral metastases than other subtypes (69) (70) (71) (72) .
Mammary epithelial stem cells
The mammary gland is a unique organ that undergoes extensive remodeling and differentiation even in adults. Hormonal changes in each menstrual cycle induce waves of proliferation in the mammary epithelium, whereas pregnancy leads to extensive ductal branching and alveogenesis (73) . Based on these observations the existence of normal human adult mammary epithelial stem cells has been proposed, but the cellular identity and molecular characteristics of these cells have not yet been defined. Stem cells are defined as cells with the capacity for self renewal and the ability to give rise to multiple differentiated cell types. Recent in vitro and in vivo clonality and implantation studies have demonstrated the existence of cells with stem cell-like properties in normal human and mouse breast tissue that are required for normal mammary gland development (74) (75) (76) (77) (78) (79) (80) (81) (82) (83) (84) . However, the molecular mechanisms underlying the maintenance and differentiation of normal mammary stem cells are largely unknown. Normal mammary epithelial stem cells are thought to give rise to luminal epithelial (both estrogen receptor-positive and -negative) and myoepithelial cells, but the regulators of these different differentiation pathways remain elusive (81, 85) (Figure 3A) .
In the mouse, numerous experiments demonstrated the existence of progenitor cells in all stages of mammary gland development that can regenerate a functional mammary gland when transplanted into the cleared fat pad (i.e., endogenous mammary epithelium is removed) of a recipient mouse (86) (87) (88) . Using retrovirus-infected cells and, more recently, cells purified using specific cell surface markers (Lin -CD29 hi CD24 + ), it was also shown that a single cell is able to regenerate the entire mammary gland (83, 84, 89) . Bromodeoxyuridine and tritiated thymidine pulse-chase experiments have also demonstrated that a subset of mouse mammary epithelial cells retain DNA label (90, 91),
Figure 4
Hypothetical models explaining intratumoral heterogeneity and tumor evolution. (A) Based on the cancer stem cell hypothesis, differentiated cancer cells are progeny of cancer stem cells and they are not able to undergo self-renewing cell division. Thus, only the cancer stem cell can accumulate additional genetic changes that can drive tumor progression and drug resistance. (B) Based on the clonal evolution model, tumor cell phenotypes are determined based on the combination of cell type of origin of the tumor-initiating cell, acquired genetic and epigenetic alterations, and paracrine signals from surrounding cells. Cellular phenotypes are not stable and can change as the tumor evolves. All tumor cells have the capacity to undergo self-renewing division; thus they all have the potential to contribute to tumor progression and drug resistance. The two models do not have to be mutually exclusive, and their combination (e.g., clonal evolution of cancer stem cells) is also plausible.
a property of stem cells in various tissues, indicating that they undergo rare and asymmetric cell divisions.
In the human breast, putative mammary epithelial progenitors have been identified using in vitro clonogenicity assays as a measure of "stemness". Specifically, several studies have shown that a subset of human mammary epithelial cells are able to form colonies in vitro and give rise to both luminal epithelial and myoepithelial cells; thus they appear to represent bipotential mammary epithelial progenitors (80, (92) (93) (94) (95) (96) (97) (98) (99) (100) (101) . Similar to other tissue types, culturing mammary epithelial cells in mammospheres enriched for progenitors, and the gene expression profiles of the cells, also correlated with stem cell-like function (80) . Most recently Ole Petersen and colleagues described evidence that the most primitive mammary epithelial stem cells are located in the ducts and not in the end buds as suggested in mice (102) (Figure 3B) .
Only a few studies report injecting these cells into mammary fat pads (humanized or just cleared) of immunodeficient mice in an effort to generate ductal outgrowth, but even in these cases the resulting branching structures were not well characterized and the assay was performed using fairly large numbers of cells (75) . The culture conditions and the markers the authors found to be expressed in the various progenitors varied in the different reports. Most studies agree that cytokeratin 8 (CK8) and CK18 are luminal markers, while CK5 is expressed in progenitors. However, mucin 1 (MUC1) was described as present on both luminal and progenitor cells and CD10 was described as present on progenitor and myoepithelial cells. Similarly contradictory results have been reported for epithelial cellular adhesion molecule (ESA), SMA, CK14, and integrin α6 (ITGA6). All these studies were performed in vitro, and the properties and gene expression patterns of progenitor-like cells can be very distinct in vitro and in vivo. Thus experiments performed in vitro have to be interpreted with caution and have to be validated in vivo using physiological conditions. Furthermore, additional markers are necessary for the more accurate definition of stem cells, lineage-committed progenitors, and terminally differentiated luminal epithelial and myoepithelial cells.
The development and function of the mammary gland is under hormonal control, and a subset of mammary epithelial cells express ERs and PRs both in the mouse mammary gland and in the human breast (103, 104) . Contrary to ER + breast cancer cells, these normal ER + cells do not proliferate in response to estrogen, but cells surrounding normal ER + cells are frequently proliferating, indicating that paracrine factors may mediate the mitogenic effects of estrogen in the normal mammary epithelium (104) . Lifetime accumulated hormonal exposure is one of the most important risk factors for breast cancer. Since stem cells are thought to be the cellular targets of transforming events, the hormone responsiveness of putative mammary epithelial stem cells has been extensively investigated. However, in both human and mouse there have been conflicting reports regarding the hormone receptor status of the mammary epithelial stem cells. In the mouse, based on pulse-chase experiments, the putative mouse mammary epithelial stem cells were predicted to be ER + (105) , while stem cells purified using specific cell surface markers were hormone receptor-negative (both ER and PR) and HER2 - (82) . One potential explanation of this differing result could be that for the pulse-chase experiment mice were injected daily with fairly large amounts of exogenous estrogen that might have led to the upregulation of ER or induced proliferation of ER + cells. Similarly conflicting results have been described for the human mammary epithelial progenitors - some studies reported these cells as hormone receptor negative, while others reported them as ER + cells (93, 97) . Thus resolving this issue requires further studies in both species.
In addition to using cells from freshly purified human or mouse breast epithelium, several cell lines with progenitor properties have also been described. The COMMA-Dβ mouse mammary epithelial cell line has properties of stem cells and is able to generate outgrowths that appear to differentiate into functional mammary ducts and alveoli (106) . Similarly, the MCF10ADCIS.com cells appear to have properties of bipotential progenitors, since they are able to generate both luminal and myoepithelial cell lineages when injected into immunodeficient mice (107) . The recently developed MCF-15, HMT348, and EM-G3 breast epithelial cell lines also possess characteristics of bipotential progenitor cells, although this was defined only on the basis of in vitro expression of certain markers (108) (109) (110) . Although the use of cell lines has its limitations, they could be useful for various functional studies that are difficult to perform on primary cells as long as findings are validated by subsequent in vivo studies using primary cells or human tissue samples.
Tumor heterogeneity and evolution
There is a current controversy regarding tumor heterogeneity, progression, and therapeutic resistance. The two competing, although not necessarily mutually exclusive, models are the cancer stem cell and the clonal evolution and selection hypotheses (Figure 4) . Although both models agree that tumors originate from a single cell that acquired multiple mutations and unlimited proliferative potential, important differences exist between the models. Specifically, the two models explain tumor heterogeneity with different mechanisms: either as a program of aberrant differentiation or as a competition among tumor cells with different phenotypes. They define the target cells of the tumor-initiating transforming event differently: either as normal stem cells or not a specific normal cell in particular. They identify different subpopulations of tumor cells as drivers of tumor progression: either a small pool of cells, the "cancer stem cells," or any tumor cell with selective advantage. Finally, they explain therapeutic resistance differently: either cancer stem cells are inherently drug resistant or therapy selects for resistant clones. The most important issues related to the two models are the need to (a) determine which model correlates with clinical behavior in patients, (b) identify new approaches for the therapeutic targeting of distinct cell populations, and (c) identify and characterize regulators of the stem cell-like and more differentiated tumor cell phenotypes and (d) determine whether these represent stable or plastic characteristics.
Putative stem and differentiated epithelial cells have been purified from cancerous and normal breast tissue using cell surface markers CD24 and CD44 associated with stem cell-like properties (111) and their gene expression and genetic profiles analyzed (112, 113) . The gene expression profiling data indicated that CD44 + cells are indeed more stem cell like and less differentiated than CD24 + cells based on their expression of various stem and differentiated cell markers. An apparent decrease in the number of cells expressing CD44 + cell markers was detected in normal breast tissue from women at late pregnancy stage, correlating with the predicted decline of progenitors due to pregnancy-induced differentiation (114) . In addition, comparison of the gene expression profiles of CD44 + and CD24 + cells isolated from normal or neoplastic breast tissue revealed that cells of the same type (e.g., normal CD44 + cells and cancer CD44 + cells) are more similar to each other than to cells of the same tissue (e.g., normal CD44 + cells and normal CD24 + cells).
Several signaling pathways were identified to be specifically active in CD44 + stem cell-like breast cancer cells, including TGF-β, WNT, hedgehog (Hh), integrin, urinary plasminogen activator (uPA), and ephrin signaling, and it was demonstrated that the inhibition TGF-β signaling induced a more epithelial phenotype (112) . CD44 + cells were also found to be more invasive, proliferative, and angiogenic, predicting aggressive tumor cell behavior (112) . Correlating with this, analysis of a gene signature characteristic of CD44 + cells in microarray data of primary lymph node-negative invasive tumors identified groups of patients with shorter distant metastasis-free survival (112, 113) . However, the frequency of cells expressing CD24 + cell markers increased in distant metastases compared with matched primary tumors. Most importantly, SNP array and FISH analyses determined that CD24 + (more differentiated) and CD44 + (putative stem) cells from individual tumors were clonally related but not always identical, a result that contradicts the strictest interpretation of the cancer stem cell hypothesis and supports the clonal evolution model or the combination of the two models instead. Specifically, it is possible that the cancer stem cell itself changes and undergoes clonal evolution during tumor progression or following therapeutic interventions. In this respect the stem cell-like phenotype can be one of the characteristics driving selection or associated with other genetic or epigenetic alterations that confer growth and survival advantage for the tumor cell.
Tumor progression can be viewed as an evolution of a large population of genetically and epigenetically distinct and unstable individuals in an ever-changing environment (114) . From this point of view, it is statistically more likely that all or the majority of tumor cells have the potential to evolve and the dominant clone can be different at different stages of tumor progression as well as before and after treatment. This hypothesis seemingly contradicts findings that the gene expression profiles of primary invasive tumors and their matched metastases (lymph node or distant) are more similar to each other than to other tumors of the same clinical and pathologic stage (3) (4) (5) (6) . However, these studies were conducted using bulk tumor samples and array-based platforms; both of which have several drawbacks that could confound the results. This model could also explain why gene expression signatures in primary tumors can predict the risk of distant metastases and why we have not been able to define tumor stage-specific signatures and genetic events underlying invasion and metastatic spread. The development and application of technologies that allow the comprehensive molecular profiling of individual cells in situ would be necessary to answer many of the lingering questions in breast tumor biology. Based on the advances made in the past decade, it will not be too long before this happens.
